We have investigated the temperature variation of the unit-cell volume of ReO 3 by neutron diffraction. The lattice parameter and the unit-cell volume decrease continuously as the temperature is increased from T = 2 K to about T = 200 K. After exhibiting minima at about 200 K they increase with increasing temperature linearly up to about 305 K, the maximum temperature investigated during the present experiment. We attribute the negative thermal expansion of ReO 3 to be the results of rigid antiphase rotations of the neighboring ReO 6 octahedra. We have done model lattice dynamical calculation of phonon dispersions, thermal expansion, and atomic displacement parameters in ReO 3 . The results of these calculations are in agreement with the experimental results. Transition-metal oxides have been the subject of renewed interest ever since high-temperature superconductivity was discovered in copper oxide materials. The transition-metal oxides with narrow d bands form strongly correlated MottHubbard system for which conventional band theory is no longer valid.
Transition-metal oxides have been the subject of renewed interest ever since high-temperature superconductivity was discovered in copper oxide materials. The transition-metal oxides with narrow d bands form strongly correlated MottHubbard system for which conventional band theory is no longer valid. 1 The number of transition-metal oxides, where band theory alone can provide adequate account of their properties, is quite limited, and is confined to compounds of the 4d and 5d series. ReO 3 is an example of such a simple metallic oxide. Among d-electron conductors ReO 3 has a simple perovskite-like cubic structure and its conductivity is comparable to that of Ag. Although the electron-phonon coupling constant is not very small 2 ͑the coupling constant = 0.34͒ ReO 3 surprisingly does not show superconductivity down to 20 mK. ReO 3 seems to belong to the normal class of conventional band Fermi liquids with electron-phonon interactions dominating the resistivity.
2 ReO 3 crystallizes in the cubic space group ͑Pm3m͒ with the undistorted perovskitelike DO 9 -type structure with lattice constant a = 3.74 Å. The structure consists of corner-linked ReO 6 octahedra with Re at the centers and linear Re-O-Re links. Among the numerous perovskite-like compounds ReO 3 belongs to a small family of undistorted cubic structures, which is stable at ambient pressure and at all temperatures up to its melting point. Also the ReO 3 structure has a completely vacant A cation site of the ABO 3 perovskite structure. This empty structure is therefore expected to allow rigid rotation of the ReO 6 octahedra. [3] [4] [5] High pressure x-ray and neutron-diffraction measurements [6] [7] [8] established that ReO 3 undergoes a pressure-induced second-order phase transition at P c = 5.2 kbar at room temperature to a tetragonal ͑P4 / mbm͒ intermediate phase with a very narrow stability range in pressure and then a further transition to a cubic ͑Im3͒ phase. The driving force of the phase transition was shown to be the softening of the M 3 phonon mode involving rigid rotation of the ReO 6 octahedra, and the octahedral rotation angle was identified as an order parameter of the phase transition. 7, 8 Further pressure-induced phase transitions at higher pressures have been reported. [9] [10] [11] We determined the pressure-temperature phase diagram 12 of ReO 3 in temperature range 2-300 K in the medium pressure range up to about 7 kbar from our neutron-diffraction investigation on a ReO 3 single crystal. The pressure-induced structural phase transition in ReO 3 has been recently investigated by x-ray-absorption fine structure. 13 This investigation suggests that even at ambient pressure Re-O-Re bond angle is not 180°but is about 170°. ReO 3 only appears cubic in a time-averaged and space-averaged structures obtained by the conventional diffraction analysis of the Bragg intensities. The local nanoscale structure of ReO 3 seems to be distorted. Similar conclusions were drawn by Rechav et al. 14 from the x-ray absorption fine structure spectra of antiferrodistortive perovskites, Na 0.82 K 0.18 TaO 3 and NaTaO 3 . The simultaneous Rietveld and pair distribution function ͑PDF͒ analysis 15 of the high-temperature phase transition in ␣-AlF 3 also suggests that the high-temperature cubic perovskite phase may also be distorted at the nanoscale level.
The cubic perovskite structure in ReO 3 is essentially unstable due to the softening of the M 3 phonon mode involving rigid rotation of the ReO 6 octahedra. Although the average crystal structure appears cubic, the real nanoscale local structure may be more complex. The rigid unit modes ͑RUM͒ involved in the structural instability should lead to negative thermal expansion ͑NTE͒. 16 We therefore investigated the temperature dependence of the lattice parameter of ReO 3 by neutron diffraction. We found indeed the negative thermal expansion in ReO 3 at low temperatures. The lattice parameter and the unit-cell volume decrease continuously as the temperature is increased from T = 2 K to about T = 200 K. After exhibiting a minimum at about 200 K they increase linearly up to about 305 K, the maximum temperature investigated.
The NTE, i.e., the decrease in volume or length of a material with increasing temperature is an unusual property ex-hibited by relatively few materials. [16] [17] [18] [19] [20] The phenomenon NTE can arise from a range of different mechanism, viz., magnetostriction, valence transition, anharmonicity of lowenergy phonon modes, etc. Here we are concerned with the anharmonicity of low-energy phonon modes which is believed to be the origin of the NTE in oxide-based framework materials. 16, [21] [22] [23] [24] [25] The NTE materials have generated significant scientific and commercial interest because they can be used to compensate the more usual positive thermal expansion ͑PTE͒ of usual materials. In order to understand the negative thermal expansion behavior in ReO 3 , we have also carried out lattice dynamical calculation. Our calculations show that the negative thermal expansion of ReO 3 is due to the unusually large anharmonicity of the soft M3 mode, which consists of rigid antiphase rotations of the neighboring ReO 6 octahedra.
We have organized the paper in the following way. In Sec. II we give the experimental neutron-diffraction methods and then describe the results. In Sec. III we give lattice dynamical calculations and discuss the experimental results using the results of these calculations. Finally in Sec. IV we give a summary of the results and conclusions.
Neutron-diffraction measurements on ReO 3 powders were done on diffractometer D20 26 at the Institut Laue-Langevin in Grenoble. The dry polycrystalline sample was put inside a vanadium can and was sealed and was placed inside an Orange-type He cryostat of the diffractometer. The diffraction intensities from ReO 3 were measured in the temperature range 1.7-305 K. The neutron wavelength was determined to be = 1.359Ϯ 0.001 Å from the wavelength calibration measurement with NIST Si640b as a standard. Figure 1 shows a typical diffraction diagram of ReO 3 measured at T = 2 K along with the results of the Rietveld profile fit. The diffraction intensity is plotted here as a function of the momentum transfer Q =4 sin / rather than 2. The Re and O atoms in ReO 3 structure ͑Pm3m͒ occupy special positions ͓Re: ͑1a͒000; O: ͑3d͒ 1 2 00͔ and have no positional fit parameters in the cubic Pm3m phase. So only the lattice parameter, the thermal displacement parameters of Re and O atoms, and the scale factor were refined. The agreement factor R was about 2%. Figure 2͑a͒ shows the temperature variation of the cubic lattice parameter a. The lattice parameter decreases continuously as the temperature is increased from T = 2 K to about T = 200 K and exhibits a minimum at about this temperature. At higher temperature the lattice parameter a increases with increasing temperature in a normal way. The temperature variation of the unit-cell volume of cubic ReO 3 shown in Fig. 2͑b͒ behaves similarly. The total volume contraction from 2 to 200 K is about 0.036% and is rather small, but is much larger than the experimental error. This is the demonstration of the negative thermal expansion in ReO 3 by diffraction measurements. Matsuna et al. 27 reported earlier negative thermal expansion below about 300 K by measuring thermal expansion only at a few isolated temperatures by the laser beam interference method in the temperature range 100-500 K. The present data are much more extensive than that reported by Matsuna et al. 27 Figure 3 shows the temperature variation of the thermal displacement parameters of Re and O atoms. The pointgroup symmetries of the special positions occupied by Re ͑1a͒ and O ͑3d͒ atoms allow only isotropic thermal displacement parameters U for Re, while O atoms can have anisotropic thermal displacement parameters with two components U11= U ʈ and U22= U33= U Ќ , which represent vibrations parallel and perpendicular to the Re-O bond, respectively. The U of Re and U11= U ʈ of O are small, are of the same order of magnitude, and have similar temperature variation whereas the U22= U33= U Ќ of the O atom is much larger and increases strongly with temperature. 8 measured at T = 300 K up to a much larger value of Q also on a powder ReO 3 sample but at a spallation neutron source. The temperature dependence of the thermal displacement parameters also agrees very well with that measured by single crystal x-ray diffraction. 28 The lattice dynamical calculations are carried out using the following interatomic potential:
where r is the distance between the atoms of types k and kЈ. The parameters of interatomic potential are the effective charge Z͑k͒ and radius R͑k͒ of the atom type k, a = 1822 eV, and b = 12.364. The parameters used in our calculations are R͑Re͒ = 0.72 Å, R͑O͒ = 1.87 Å, Z͑Re͒ = 2.40, and Z͑O͒ = −0.80. We have also included a covalent potential between the nearest Re and O atoms,
The parameters of the stretching potential are D = 6.4 eV, n = 4.4 Å −1 , and r 0 = 1.875 Å. The polarizability of the O atoms is introduced in the framework of the shell model 29, 30 with the shell charge Y͑O͒ = −1.2 and shell-core force constant K͑O͒ = 135 eV Å −2 . The parameters satisfy the static and dynamic equilibrium conditions of the lattice. The parameters were fitted to the available structural and dynamical data at ambient pressure and then used in calculations as a function of pressure. The calculated value of lattice parameter 3.7476 Å of the cubic cell at ambient pressure is in good agreement with the experimental value of 3.7477 Å. The crystal structure at any pressure ͑at zero temperature͒ is obtained by minimization of the enthalpy. The current version of the program DISPR ͑Ref. 31͒ has been used for the lattice dynamical calculations.
In quasiharmonic approximation the volume thermal expansion coefficient is given by
where V is the unit-cell volume, B is the bulk modulus, and ⌫ i = d ln i / d ln V and C Vi are the mode Grüneisen parameter and specific-heat contribution, respectively, of the phonons in state i͑=q j ͒ of frequency i . It is worth noting that anomalous thermal expansion occurs because ⌫ i , which reflects the dependence of the frequency i on volume, is very different for different modes. Otherwise, the coefficient of thermal expansion would closely follow the variation of the specific heat, as happens in many materials. We calculated the thermal expansion by integrating over the contribution of phonons of 165 wave vectors in the irreducible Brillouin zone. The contribution to thermal expansion 32, 33 arising from the variation of bulk modulus with temperature has also been included. The detailed procedure for the lattice dynamical calculations and various thermodynamic properties is given in our previous publications. 34, 35 ReO 3 has a cubic structure with space group Pm3m and one formula unit per primitive cell. The group theoretical analysis of phonon dispersion relation for ReO 3 at ⌫ point, and along the ⌬ and ⌺ directions, has been carried out using standard techniques. 30, 36 The 12 phonon modes along ͓110͔ and ͓100͔ and at ⌫ point can be classified as
⌬:3⌬ 1 + 1⌬ 3 + 4⌬ 5 , ͑5͒
⌺:4⌺ 1 + ⌺ 2 + 4⌺ 3 + 3⌺ 4 , ͑6͒
where T 1u and T 2u are triply degenerate and ⌬ 5 's are doubly degenerate. T 1u modes are infrared active and T 2u modes are silent. Axe et al. 7 determined the phonon dispersions of the low-energy transverse and longitudinal acoustic phonon modes of ReO 3 by inelastic neutron scattering. Both the transverse T 1 ͑00͒ and T 2 ͑0͒ modes have anomalous low frequencies extending to the zone boundaries. But the most remarkable feature is the pronounced reduction in frequency of the T 2 mode near the M-point zone boundary ͑1/2,1/2,0͒. Figure 4 shows our model calculations of the phonon dispersion of ReO 3 along with the experimental data obtained from inelastic neutron scattering. 7 The agreement appears to be satisfactory. In particular, the acoustic modes slopes have been very well reproduced and the soft mode at M point has also been calculated qualitatively. Here we have used a simple model that has the essential physics. As we shall see, the present model is able to identify the important phonon modes associated with the anomalous thermal expansion behavior and almost quantitatively account for it. The agreement with experiments can be improved with a more complex model with more adjustable parameters.
The calculated value of the bulk modulus for ReO 3 is 210 GPa, which is in very good agreement with the reported experimental value 37 of 211 GPa. The Grüneisen parameter ⌫͑E͒ averaged for all phonons of energy E has been calculated using pressure dependence of phonon spectra and is shown in Fig. 5 ͑top͒. The calculations show that ⌫͑E͒ has small positive values for phonons of energy up to 15 meV. For energies around 20Ϯ 5 meV phonons have average negative ⌫͑E͒ values in the range of −3 and −1. It can be seen that there is significant energy dependence of ⌫͑E͒. We have used this energy dependence of ⌫͑E͒ for the calculation of volume thermal expansion coefficient using Eq. ͑3͒. The small values of ⌫͑E͒ for the low-energy modes result in a small value of thermal expansion coefficient below 25 K and this is shown in Fig. 5 ͑bottom͒. This is followed by the negative expansion at higher temperature similar to that determined by the neutron-diffraction experiments. The calculations yield positive ⌫͑E͒ values for modes above 50 meV, which results in a positive volume thermal expansion coefficient above 350 K. This result is in agreement with the experiments where negative to positive expansion crossover occurs at 200 K. Figure 6 ͑top͒ shows a comparison between the calculated and experimental thermal expansion behavior in ReO 3 . The calculation gives a minimum of volume at about 350 K whereas experimentally the minimum in unit-cell volume is at about 200 K. Otherwise the agreement is good. In Fig. 6 ͑bottom͒ we show the average contribution of various phonons of certain energy E to the thermal expansion as function of E at 100 K. The maximum negative contribution to ␣ V arises from the modes of energy around 14 meV. The energy of about 14 meV corresponds to the M3 mode at the zone boundary along ͓110͔. This mode is plotted ͑Fig. 7͒ using the calculated eigenvector, which shows liberational q (r.l.u.) 7 have also measured the pressure dependence of this phonon and found it to decrease substantially with increasing pressure, which yields the Grüneisen parameter ⌫ M3 of the M3 phonon to be about −225 for pressures between 1 bar and 1 kbar. The exact value depends strongly on the pressure, and in particular, on the difference between the pressure of the measurement and the phase-transition pressure. In comparison, our calculation yields the value of −11. For ReO 3 the large negative value of the Grüneisen parameter for the M3 phonon mode essentially leads to the negative thermal expansion at low temperatures where the low-energy M3 phonon mode dominates. Similar negative thermal expansion has been observed 25 in Si and Ge for which the Grüneisen parameter ⌫ i is negative for certain acoustic modes. The acoustic modes dominate the thermal expansion coefficient at low temperatures because of their relatively large contribution to the specific heat.
The calculated partial phonon densities of states have been used to calculate the mean squared amplitudes of Re and O atoms in ReO 3 as a function of temperatures. The comparison between our calculations and experimental data is shown in Fig. 8 . The amplitudes of the oxygen atoms are highly anisotropic; the value perpendicular to the Re-O bond ͑U33͒ is much larger than that along the bond ͑U11͒. However, U33 as observed at very low temperatures is large, which may indicate static disorder of the oxygen atoms perpendicular to the Re-O bond. Such a static disorder has been indicated by previous x-ray absorption fine structure ͑XAFS͒ measurements as discussed in Sec. I. The calculations yield only the thermal amplitudes, which appear to be in good agreement with experiments if the static component is subtracted. Also the absolute values of the thermal displacement parameters obtained from the refinement of powder neutrondiffraction data measured up to only Q Ϸ 8.5 Å −1 are not very reliable especially in the presence of the static components that cannot be separated from the dynamic components. To get accurate values of thermal displacement parameters one should measure diffraction intensities up to a much higher value of Q by using shorter wavelength. Nevertheless the large anisotropy of the U11 and U33 for the O atoms and also the amplitude of the Re atom have been well reproduced by the calculations.
We have done powder neutron-diffraction investigation of the temperature variation of the average structure of ReO 3 . We measured neutron-diffraction intensities with very fine temperature steps in the temperature range from 2 to 305 K and have determined the temperature variation of the lattice parameter and the unit-cell volume of ReO 3 and have discovered negative thermal expansion in the low-temperature range 2-200 K. Above about 200 K the thermal expansion becomes positive and remains so up to 305 K, the highest temperature of the present investigation. We ascribe the negative thermal expansion of ReO 3 at low temperatures to the negative Grüneisen parameter of the zone boundary M 3 phonon mode representing the antiphase rotation of the neighboring ReO 6 octahedra. Our model lattice dynamical calculations are in good agreement with the experimental results. FIG. 8 . ͑Color online͒ Comparison between the calculated ͑lines͒ and experimental ͑symbols͒ thermal displacement parameters of ReO 3 . The black symbol and line give observed and calculated U͑Re͒, whereas blue and red symbols and lines correspond to the observed and calculated values of U11͑o͒ and U22͑O͒ =U23͑O͒.
